thus highlighting effects on dopamine-rich brain regions that form key components of brain circuitry known to play important roles in behavior and attention. Interestingly, head circumferences (HCs) at birth as well as at the time of imaging showed a tendency for smaller size among CE children. HCs at the time of imaging correlated well with the cortical volumes for all subjects. In contrast, HCs at birth were predictive of the cortical volume only for the CE group. A subgroup of these subjects (6 CE, 4 NCE) was also scanned at 13-15 years of age. In subjects who were scanned twice, we found that the trend for smaller structures continued into teenage years. We found that the differences in structural volumes between the CE and NCE groups are largely diminished when the HCs are controlled for or matched by study design. Participants in this study were drawn from a unique longitudinal cohort and, while the small sample size precludes strong conclusions regarding the longitudinal findings reported, the results point to reductions in HCs and in specific brain structures that persist through teenage years in children who were exposed to cocaine in utero.
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Introduction
A large number of studies have provided accumulating evidence that prenatal exposure to cocaine may have long-term detrimental effects on the developing brain [1] [2] [3] . Although cocaine has many global effects on brain physiology, including constriction of blood vessels [4] , its long-term effects on brain development have been largely linked to its action on monoamine neurotransmitters. Importantly, cocaine can readily cross the placenta and the blood-brain barrier to reach binding sites on monoamine transporters on neurons in the fetal brain [5] [6] [7] . By binding to and blocking the activity of these membrane transporters, including dopamine, serotonin (5-HT), and to a lesser extent norepinephrine transporters [8] [9] [10] , cocaine can directly interfere with the development of these neurotransmitter systems, with long-term effects on their development and subsequent function [11] [12] [13] . Correspondingly, animal studies have associated prenatal cocaine exposure (CE) with alterations in brain development, particularly in dopamine-rich brain regions [14] [15] [16] . Clinical studies have reported prenatal cocaine-induced reductions in weight and head circumferences (HCs) at birth [17] [18] [19] , as well as subsequent effects on behavior and cognitive functioning that are subtle but significant [20] [21] [22] . Specifically, prenatal CE has been associated with low birth weight (small for gestational age) and smaller HCs at birth [23] [24] [25] , as well as at age 10-14 years [26] -consistent with a direct effect in altering fetal and postnatal brain growth.
In order to explore whether CE in utero leads to longterm alterations in volumetric brain growth, that may be evident globally or restricted to particularly vulnerable structures, we performed structural magnetic resonance imaging (MRI) on CE and noncocaine-exposed (NCE) children. This project was part of the multisite Maternal Lifestyle Study (MLS) with study centers in Providence, R.I., Miami, Fla., Memphis, Tenn. and Detroit, Mich., USA [27] , tracking cohorts of prenatally drug-exposed children and matched controls from birth to adolescence. Here, we report regional patterns of brain morphometry in a group of CE versus NCE children (age range 8-10 years) and compare these results with those we have previously published during adolescence (age range 13-15 years) [28, 29] . We hypothesize that structural markers of altered brain development may yield valuable clinical markers for assessment, monitoring and treatment of prenatally drug-exposed offspring.
To date, neuroimaging studies from our and other groups have collectively reported a tendency for smaller cortical and subcortical structures, including a significantly smaller caudate [26, 30] , corpus callosum [31] , pallidum [28] and caudate nucleus [32] , with the exception of a larger amygdala [30] in CE children -all in agreement with the notion that prenatal CE may have longterm detrimental effects on brain growth. Here, we report the use of a pediatric brain atlas customized for use with the FreeSurfer software package that we developed based on a training data set from 14 children (8 with prenatal CE, 2 with polysubstance exposure and 4 controls) and show the improved effectiveness of using this case-and age-specific atlas in segmenting these pediatric brains to that of using the standard adult atlas. Second, we used our atlas to quantify pediatric brain morphometry in order to determine which brain structures were specifically affected as a consequence of prenatal CE. We relate the structural findings to clinical variables and, finally, we interpret our results in the context of our previously published study performed on an overlapping set of MLS subjects studied at 13-15 years of age [28] .
Materials and Methods

Subjects
The study sample is drawn from the MLS, a longitudinal project characterizing the development of children who were prenatally exposed to cocaine and other drugs of abuse [27] . Prenatal exposure to cocaine and opiate was identified by meconium toxicology (positive enzyme multiple immunoassay test, EMIT) followed by gas chromatography/mass spectroscopy confirmation. Infants were entered into the comparison group if there was a negative EMIT screen for cocaine and opiate metabolites. Exclusion criteria included chromosomal abnormalities, TORCH (toxoplasmosis, rubella, cytomegalovirus, herpes, syphilis) group of infections confirmed prior to 1 month of the infant's corrected postnatal age, or relocation outside the catchment area. Additional information on the frequency of use of prenatal cocaine and other substances during pregnancy was determined by interview with mothers at 1 month of the infant's corrected postnatal age using the Maternal Inventory of Substance Use [33] . Prenatal maternal use of cigarettes, alcohol and marijuana was present in both groups. Dyads were classified into 3 groups: no prenatal exposure, some exposure (<3 days per week during the first trimester) and heavy exposure (defined as reported cocaine use of ≥ 3 days per week during the first trimester) [27] .
The MLS was conducted at four different study sites, including Brown University/Women and Infants' Hospital, the University of Miami, the University of Tennessee, Memphis and Wayne State University. A 'certificate of confidentiality' from the US Department of Health and Human Services allowed the study to maintain participant confidentiality with regard to drug use information. The certificate of confidentiality applied specifically to information regarding maternal use of illegal drugs and left in force all reporting requirements with regard to child abuse or child neglect.
Participants were fully informed of their rights and limits as study participants. Limits to confidentiality and informed consent were obtained from all caregivers, as approved by the review boards at each study site.
A total of 1,388 children were included in the MLS (658 CE, 730 NCE), with 211 enrolled at the Brown/Women and Infants' Hospital site (107 CE, 104 NCE). The original clinical cohort for this imaging study included 88 subjects recruited from the Brown/ Women and Infants' Hospital site and followed from birth to age 8-10 years, wherein the imaged subgroup was comprised of 13 CE and 15 NCE subjects. The NCE group included 10 subjects with polysubstance exposure (without cocaine but including exposure to alcohol, tobacco and marijuana) and 5 subjects with no substance exposure, whose data were combined. Gestational age was determined by the obstetrician's best estimate; 1 of the NCE children was born before 33 weeks' gestational age. The HCs were recorded at 1 and 4 months following the infant's corrected postnatal age and then annually. Socioeconomic status was assessed using the Hollingshead index and modified to allow for application of the measure to nonnuclear families, while retaining the traditionally weighted educational and occupational scores. The study was approved by the appropriate institutional review boards at the Women and Infants' Hospital of Rhode Island, the Memorial Hospital of Rhode Island and Rhode Island Hospital. Informed consent was obtained from all parents or guardians, and all children provided assent.
A second cohort of 40 children (20 CE, 20 NCE) from the MLS participated in an imaging study at 13-15 years of age [28] ; 10 children from this cohort (6 CE, 4 NCE) participated in the imaging studies at both 8-10 and 13-15 years, forming a 5-year follow-up study of children recruited from the Providence site [28] . In the later study, the groups were designed to match based on maternal alcohol use, gender, IQ and socioeconomic status, and unlike the original study for HCs at birth [28] . This study was also approved by the relevant institutional review boards.
MRI Acquisition
All 28 children underwent MRI when they were 8-10 years old. Imaging was performed at the Memorial Hospital, a teaching hospital of Brown Medical School, on a 1.5-tesla Siemens Symphony with quantum gradients using a standard birdcage head coil. No sedation was used during image acquisition. Overall, 2 T1-weighted magnetization-prepared rapid gradient echo scans (MP-RAGE) were obtained from each participant with the following protocol: TE = 4.1 ms, TR = 1,900 ms, field of view = 256 mm, slice thickness = 1 mm, resolution = 1×1×1 mm, gap = 0, data matrix size = 256 × 256 and inversion time = 1,100 ms. Some of the scans (2 CE, 5 NCE) were discarded due to motion artifacts. The follow-up study employed the same MP-RAGE pulse sequence on a 3-tesla Siemens TIM Trio scanner [28] . The acquisitions were averaged to increase the signal-to-noise ratio in all subjects who had 2 highquality scans. The high-quality scans were corrected for motion, normalized for intensity and skull-stripped using the FreeSurfer software package [34] .
Manual Subcortical Segmentation
MRIs from 14 subjects were manually segmented at the Center for Morphometric Analysis, Massachusetts General Hospital. The technique for manually labeling brain structures has been previously validated and is based on contour mapping for each coronal plane [35] [36] [37] . The borders are based on signal intensity transitions at brain-CSF or gray-white matter interfaces as well as prior knowledge about the global positions of individual structures within the brain, their positions with respect to neighboring structures and various anatomical landmarks. The entire brain is divided into the cerebrum, the brain stem and the cerebellum. The cerebrum is further divided into the cerebral cortex, cerebral white matter, the thalamus, the caudate, the putamen, the pallidum, the hippocampus and the amygdala.
Automated Subcortical Segmentation
FreeSurfer software package version 4.0.5 (http://surfer.nmr. mgh.harvard.edu) using an automated pipeline custom developed for an XNAT-based DICOM server hosted at Weill Cornell Medical College of Cornell University (https://ped-birn.med.cornell. edu/xnat/) was used for the subcortical segmentation of the 3D MRIs. Details of this procedure have been described elsewhere [38] . In brief, this automated segmentation technique assigns a neuroanatomical label to each voxel on the image. The probability of each voxel being assigned a certain label depends on both subject-specific measures of image intensity and spatial information and subject-independent measures derived from a standard probabilistic atlas. Structures are labeled using an algorithm combining probabilities based on these measures and further spatial constraints imposed by computing the probability of a label occurring at a specific location given the neighboring labels, resulting in a segmentation with the same types of neighborhood relations as those observed in the manually labeled training set [39, 40] . FreeSurfer segmentation employs a probabilistic atlas [41] based on a manually labeled training set generated from a set of 40 brain scans (10 young, 10 middle-aged, 10 elderly and 10 patients with Alzheimer's disease). The manual labeling approach was validated and used previously [36, 37, 42] . We developed and used an alternative atlas based on a manually labeled pediatric training set, using the same procedures as used in the creation of the standard FreeSurfer atlas [39] and subsequently comparing its accuracy with the results obtained from using the standard FreeSurfer atlas. Furthermore, this pediatric atlas included pediatric data sets from the prenatally substance-exposed group as well as the control group. This approach ensured that the structural characteristics from both groups were encoded in the atlas.
Assessment of Validity of Using a Pediatric Atlas
In order to assess the validity of using a new pediatric atlas to automatically label the subcortical structures, we adopted the jackknife/leave-one-out technique -a statistical resampling procedure [43, 44] . Accordingly, from our original collection of 14 manual segmentations (8 CE, 6 NCE), 13 of them were used as the training set for constructing the 'jackknife' atlas and automatically segment the left-out data set. This procedure was repeated until all 14 data sets were automatically segmented ( fig. 1 ).
After the jackknife procedure was completed, we compared the automated and manual segmentations. This involved the following: (1) comparing the mean volume, (2) estimating the mean percent volume difference and (3) calculating the mean Dice similarity coefficients (DSC) [45] for each structure. The DSC is a measure of how much the automatically and manually segmented volumes overlap. Since the Dice measure is biased towards larger structures and yields no information regarding the spatial similarity of 2 segmentations in regions in which they do not overlap, we also computed a modified Hausdorff metric [46] that provides a measure of the spatial similarity of the 2 segmentations (e.g. manual and automated). Specifically, given a pair of segmentations, for each point on the boundary of each segmentation label, we computed the minimum distance to the boundary of the other segmentation and then averaged these distances.
Statistical Analysis
The brain MRIs of 21 subjects were automatically segmented using the pediatric atlas. Their HC measurements and demographic measures were also included in the data analysis. In order to determine the effects of prenatal CE, we divided the subjects into 2 groups: CE, and NCE. The CE group consisted of 11 CE children. The NCE group consisted of 10 subjects: 6 children with polysubstance (without cocaine) exposure and 4 children with no substance exposure.
The volumetric differences for each brain structure between the 2 study groups were first assessed without adjustment for other variables. There were 7 female and 4 male children in the CE group and 5 female and 5 male children in the NCE group with matched socioeconomic status ( table 1 ). We also calculated the effect sizes [47] of the regional differences in brain volume. Regression analyses were performed to test the correlations between cocaine as well as other prenatal drug exposure levels within the CE Color version available online group and the sizes of the brain structures. The regression of the volumes against CE levels was then adjusted by including exposure levels to other substances in the same linear regression model. Finally, HCs (from 1 month to 9 years old) were compared across groups and tested for their predictive value with respect to the measured morphometric brain alterations. Finally, CE versus NCE group comparisons and time-dependent changes of brain volume estimates of 10 subjects, who were scanned at both ages, were performed using split-plot ANOVA analysis.
Results
Validity of Using a Pediatric Atlas for Automated Subcortical Segmentations
Comparing the mean volume of each subcortical structure, we identified that both sets of automated segmentation methods slightly overestimated the volumes of most structures compared with the manual method ( fig. 1 b) , but overall the volumes derived using the pediatric atlas were closer to the manual measures. The percent volume differences between each automated segmentation and the manual segmentation ( fig. 1 c) further confirms that using the pediatric versus the standard atlas produces volumes closer to the manual results for these subjects. The only exception to this trend is the right caudate, for which the pediatric atlas performance was slightly decreased relative to the standard atlas. Performing a t test across the manual and automated measures shows that there were significant volume differences in the measures for the putamen, pallidum hippocampus and amygdala when the standard FreeSurfer atlas was used. However, the difference between manual and automated segmentation was significant only for the hippocampus and amygdala when the pediatric atlas was used. The DSC reported that there was a good overlap between the automatically and manually segmented areas, especially if the automated segmentation was based on the pediatric atlas ( fig. 1 d) . A good overlap occurs when the DSC is greater than 0.70, which was met or exceeded for nearly all structures using either atlas. Taken together, all of these measures indicated that the volume estimations were more accurate when the pediatric atlas was used.
Effects of Prenatal CE on Regional Brain Morphometry
In order to make a comparison across the CE and the NCE groups, we first examined the cerebral white matter, the cerebral cortex and the subcortical volumes from the 21 subjects. The volumes were derived from automated segmentations using the pediatric atlas that we created comprising the 13 manually segmented data sets.
Initially, we compared the mean volumes associated with individual brain structures in the CE and NCE groups. This comparison revealed a trend towards smaller brain structures in CE children ( fig. 2 ) . Significantly smaller volumes were estimated for the cerebral cortex (p = 0.01, effect size = 0.85) but not for white matter ( fig. 2 a) . Among subcortical structures, significantly smaller volumes were estimated for the thalamus (p = 0.01, effect size = 0.77) and putamen (p = 0.04, effect size = 0.62; fig. 2 b, c) . Finally, a similar trend was also observed for intracranial volumes (ICV), but the difference between the groups did not reach statistical significance (p = 0.07). Consequently, we repeated the comparison after correcting for the differences in ICV. We found that the regional differences lost significance after correction for ICV, suggesting that the reductions are at least partly attributable to global differences in brain volumes induced by prenatal cocaine exposure ( table 2 ) .
Dose-Response Relationships
In order to assess whether the changes identified in the structural volumes of the cortex, thalamus and putamen additionally depended on the level of CE, we regressed these volume estimates against the levels of maternal substance abuse based on interviews with parents, which were available from 15 (7 CE, 9 NCE) out of the 21 (11 CE, 10 NCE) participants. Within the CE group, no correlation was found between cerebral cortical volume and fig. 3 a) , which points to a robust dose-response relationship specific for these structures (thalamus: p < 0.01, putamen: p = 0.01). Importantly, when the thalamic and putaminal volume regressions against self-reported CE levels were adjusted for self-reported levels of exposure to other substances (alcohol, tobacco, marijuana), it was found that the adjusted p values for both structures in the CE group remained significant ( table 3 a). However, in the case of putaminal volumes, smaller volumes were observed as a function of prenatal alcohol exposure as well ( fig. 3 b; table 3 b) . The inverse correlation between putaminal volume and alcohol exposure level (p < 0.05), combined with the fact that the effect of alcohol on the putamen remained significant after controlling for CE (p < 0.05), points to the likelihood of synergistic effects for this structure -both prenatal exposure to alcohol and cocaine significantly decreases putaminal volume. Importantly, these dose-dependent effects were not observed for any other structure (data not shown) or the total ICV ( fig. 3 c, d ).
Relationship between Cortical Volumes at Ages 8-10 and 13-15 Years and HCs
We further explored whether the HCs measured at 1 month, 9 years or 14 years of age could be good predictors of the changes in cortical volumes. Collectively, the HCs of the CE children revealed a trend for smaller sizes compared with those of NCE children from 1 month until 9 years of age ( fig. 4 ) , though HCs for both groups fell within 2 standard deviations of the mean (estimated by Center for Disease Prevention Center) [48] . Interestingly, we found that HCs at 9 years of age correlated well with the cortical volumes of both the CE and NCE groups at this age ( fig. 5 c, d ). On the other hand, the HCs at 1 month of age correlated well with cortical volumes for the CE group but not for the NCE group ( fig. 5 a, b) . Similarly, HCs at 1 month also correlated with the cortical volumes at age 13-15 years in the CE group but not in the NCE group ( fig. 5 c, d) .
Comparison between MRI-Based Brain Volumetrics in Juvenile and Adolescent Cohorts
In order to explore how the effect of cocaine on the cortical and subcortical structure volumes depends on age, we compared the brain volumes of the subjects who were scanned at age 8-10 years with those who were scanned at 13-15 years. The latter group contained 10 subjects (6 CE, 4 NCE) who were scanned at both time points as well as 30 additional participants (14 CE, 16 NCE). In contrast with the results reported here for the cohort of children aged 8-10 years, we previously reported that we did not observe differences in cortical, thalamic or putaminal volumes in the cohort of adolescents aged 13-15 years [28] . One possibility for this discrepancy is that there is delayed maturation such that cocaine-induced decrements in the volumes of those structures, which we observed in childhood, may be less evident during adolescence [28] . Consistent with this formulation, a previous report of children aged 7-8 years documented reductions in cortical volume in the CE group [31] , while in other studies of CE adolescents aged 10-14 years such effects were either not observed [49] or were attributable to other factors [26] . However, another potential explanation is that the juvenile and adolescent cohorts we studied were different in some other way, perhaps due to factors resulting from the different selection factors utilized to identify the 2 cohorts. In order to consider both of these possibilities, we first examined how the brain volumes changed in individual subjects who were scanned both at age 8-10 and 13-15 years. Within this group of subjects scanned twice (n = 10), we found a trend for smaller brain structures at both ages, reaching statistical significance only for the cortex ( fig. 6 b) . Importantly, during the time interval between 8-10 and 13-15 years, the cortical, thalamic and putaminal volumes showed comparable changes for the CE and NCE groups ( fig. 6 a; table 4 ) , suggesting the likelihood that these differences are not due to a group-specific delay in maturation. Here, we also note that the observed reduction in volumes of cortical and subcortical structures over the 5-year interval we studied is largely consistent with previous studies also reporting larger structures in school-aged children compared with young adults [36, [50] [51] [52] . Furthermore, when we compared the average brain volumes across sexes, we found that for most brain structures the female brain was estimated to be about 90% of that of the male brain at both ages ( table 5 ) . This is consistent with previous findings reported by others during normal brain development [36] and excludes the possibility that CE differentially altered brain growth in our subjects in a sexually dimorphic manner. Subsequently, we compared the juvenile and adolescent cohorts with respect to demographic and clinical variables. We found no obvious dif- ferences in the demographic profiles of the CE and NCE groups (data not shown). However, we did confirm that the adolescent cohort was different from the juvenile cohort, which was matched for HCs in advance by study design [28] . Specifically, we found that for the adolescent cohort newly recruited subjects in the CE group had relatively larger mean HCs at 1 month of age ( fig. 7 a) and consequently larger brain structures [28] , which may have fig. 5 a, b) . Despite the modest sample size for the individuals scanned twice, these results point to the validity of the specific changes in HCs and brain volumes we have identified in the CE group of children aged 8-10 years.
Discussion
In this study, we determined the volumes of subcortical brain structures in children aged 8-10 years from the MLS cohort. The pediatric atlas that we developed provided greater validity for segmenting brain structures than the standard FreeSurfer adult atlas. We reported mean percent differences, DSC and Hausdorff distances that demonstrated that the volume estimates were closer to those from manual segmentations when the pediatric atlas was utilized instead of the standard FreeSurfer atlas. The validity of using this pediatric atlas, or a more com- prehensive version based on a larger number of scans, needs to be further confirmed using images acquired with other MRI pulse sequences and on different MRI scanners. Recently improved versions of FreeSurfer have incorporated additional steps to normalize the range of MRI signal intensities and employ within-subject templates in longitudinal studies [53] . These upgrades in the FreeSurfer software will help minimize the variance introduced by using different MRI data acquisition schemes and different scanners, further contributing to the 'value added' of using a pediatric atlas for developmental morphometric studies.
In the cohort aged 8-10 years, we observed region-specific reductions in the volume of the cerebral cortex, thalamus and putamen in the CE group. However, it is difficult to identify whether or not these effects are directly linked to prenatal CE for each of these regions. For the CE group, cerebral cortical volume did not show a dose-response relationship when regressed against self-reported levels of CE. However, for the CE group thalamic and putaminal volumes revealed a dose-response relationship when regressed against self-reported levels of CE. Of note, a correlation between putaminal volume and alcohol exposure was observed for all subjects who self-reported their levels of alcohol intake, suggesting that for this structure the effects of CE may be additive to those of alcohol exposure, especially at high doses of both. Given our small cohort comprised of many polysubstance-exposed children, it is difficult to separate the effects. However, by including 10 polysubstance-exposed (but not CE) children in our control group of 15 subjects, we designed our study to independently identify the additional consequences of prenatal CE. Thus, our study points towards a reduction of cortical, thalamic and putaminal volumes in school-aged children (8-10 years) as being in part attributable to prenatal CE.
Others have reported a prenatal cocaine-induced volume reduction in the caudate in children as well as in adolescents [26, 30] . In our cohort, we also observed a tendency for a smaller caudate; however, the group differences did reach not statistical significance either before or after correcting for ICV ( fig. 2 ; table 2 ). HC is commonly used as an indicator of brain growth during infancy and early childhood, a time during which facial growth contributes less to HC. However, the relationship between HC and brain volume is dynamic and changes throughout the life span. Throughout early childhood, both HCs and brain volumes increase and from late adolescence onwards brain volumes start decreasing, while HCs do not [54] . Interestingly, in the NCE group we found that HCs at 9 years of age correlated well with cortical volumes at age 8-10 years, but HCs at 1 month of age did not. For the CE group, HCs at both 1 month and 9 years of age did show a correlation with the cortical volumes at age 8-10 years. This suggests that for a subset of this group, prenatal CE compromises fetal brain growth, as reflected by relatively smaller HCs at 1 month, with implications for poor brain growth that remain evident for at least 8-10 years. However, specific effects of confounding factors, including other prenatal insults, as well as additional genetic and postnatal environmental factors in contributing to impaired postnatal brain growth following prenatal exposure to drugs of abuse need to be identified in a larger cohort [for example, see 55] . Towards this goal, multi-institutional (e.g. PING: http://pingstudy. ucsd.edu) and multinational (e.g. IMAGEN: http://www. imagen-europe.com/en/consortium.php) efforts to facilitate the acquisition of larger-scale and standardized data collection during childhood and adolescence are now underway to integrate MRI-based structural and functional imaging parameters with other measures including demographic information, genetic analyses, clinical evaluations and neuropsychological assessments, thereby providing a more comprehensive appreciation of factors contributing to normal versus abnormal brain development.
